We have developed a scanning type of noise sensor system, which utilizes the detection of local voltage fluctuations with a quantum Hall effect ͑QHE͒ electrometer. This technique has enabled us to produce the first image of a noise-voltage distribution in a QHE sample. The experimental data clearly reveal that a large amount of noise occurs in the lower magnetic field region of a QHE plateau of Landau-level-filling factor 2 and that it is concentrated in a high-potential edge region of the Hall bar sample. These findings can be reasonably explained as originating from unstable electron transfer taking place when the nonequilibrium edge state equilibrates with the bulk state. These results identify our sensor system as a unique probe of nonequilibrium edge states in QHE systems. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.2149221͔
The discovery of the quantum Hall effect ͑QHE͒ 1,2 in a two-dimensional electron gas ͑2DEG͒ under a high magnetic field has stimulated researchers to not only explore novel electronic properties but also to extend their application to new functional devices. A well-known application of the QHE is as an international resistance standard 3 based on the precise quantization of the Hall resistance. Additional interesting devices developed so far include the terahertz detector, 4 quantum bit 5 and relaxation oscillator. 6 Clearly, the QHE provides rich opportunities for practical uses in devices.
Recently, the study of the spatial properties of the electrical noise arising from charge fluctuation has become increasingly important in the field of solid-state device engineering. This issue is of particular relevance to the development of charge-based quantum computers that are extremely sensitive to charge fluctuations. Using a singleelectron transistor ͑SET͒ electrometer, Buehler et al. 7 have succeeded in the local observation of telegraph switching noise in metal-oxide-semiconductor devices. However, their technique is not a scanning-type system and is limited to operation at a very low temperature ͑below a few hundred milliKelvin͒.
This letter presents a new application of the QHE: a scanning sensor for imaging the spatial distributions of noise voltages. In this probe technique, to sense the signal of local noise voltage, we measure a local voltage fluctuation detected by a scanning electrometer that is based on a QHE device, which we have previously devised. 8 Our scanning technique, in contrast to the SET electrometer of Buehler et al., enables the spatial mapping of noise-voltage distributions. In addition, since our device exploits the integer QHE, the temperature range accessible to it is much wider ͑up to several Kelvin͒. These advantageous properties identify the QHE electrometer as a useful noise-characterization system with merits distinct from those of the SET electrometer.
Here, we have applied the present noise-imaging system to a QHE sample, and have demonstrated its use to record the first maps of the spatial distribution of the noise voltages in the QHE sample. We found that the occurrence of noise is substantially enhanced in the lower magnetic field region of a QHE plateau of Landau-level-filling factor = 2, and that the noise is concentrated in a higher-potential edge region of the sample. These features lead us to understand that most of the noise arises from the unsteady equilibration process between the outer edge state and the inner bulk state. The present observation opens up a new way to investigate spatial properties of charge fluctuations in solid-state devices. 2DEG planes. The spatial mapping of the noise voltage is performed through the following three processes: ͑i͒ A local voltage V local is detected with the QHE electrometer. 8 The sensing mechanism of V local is based on the change in the longitudinal resistance via capacitive coupling between the two 2DEG layers. ͑For details, see Ref. 8 .͒ ͑ii͒ Using a lock-in amplifier, we measure the mean-square voltage, S V , of the fluctuations ⌬V local , which is expressed as S V = ͉⌬V local ͑f͉͒ 2 / ⌬f. Here, f is a central frequency for the noise detection and ⌬f is a frequency bandwidth, both of which we set in the lock-in amplifier. In this experiment, we fix this frequency and bandwidth as f = 1 kHz and ⌬f = 10 Hz. The S V value of the preamplifier is about 4 ϫ 10 −18 V 2 /Hz at f = 1 kHz, a level which is low enough to measure only sample noise. In order to remove the noise of the sensor itself, we subtract S V at a sample current I = 0 from that at I 0. ͑iii͒ By scanning the sensor over the sample surface with a two-axis translation stage and simultaneously measuring S V , we are able to map out a two-dimensional image of the S V distribution in the sample.
The sensor ͑sample͒ is fabricated from a GaAs/ AlGaAs heterostructure with an electron mobility H =22͑80͒m 2 / V s and a sheet electron density n s = 2.4͑2.5͒ ϫ 10 15 m −2 at 4.2 K. As depicted in Fig. 1͑b͒ , the sensor is processed into a Hall bar geometry with four electrodes. The two voltage arms with a 1-m-width 2DEG are connected to the 1.8-m-width 2DEG channel, separated by 0.7 m. In this device, a square region of 1.8 m ϫ 2.7 m constitutes the effective sensing area for detecting the S V in the sample. The four metallic contacts are extended to the side surfaces of the GaAs wafer, to each of which a wire is attached. The sample is another rectangular Hall bar with a length of 200 m and a width of 50 m, to which two voltage arms are connected 20 m from the boundary of the current contacts. The whole system is immersed in a 4 He cryostat, and all the measurements are carried out at 4.2 K.
To study the basic features of the sample noise, we measure a longitudinal resistance, R xx , of the sample, and a corresponding noise voltage, S V , as a function of B at I = 0.05, 0.1, 0.3, 0.5, and 0.7 A, and plot them, as in Fig. 2 . These data are taken in four-terminal measurements for the sample itself, as represented in the inset of Fig. 2 , and not through the sensor, as shown in Fig. 1͑a͒ . The transition spectra of R xx between = 4 and = 2 QHE plateaus in the upper panel of Fig. 2 show that, when I Ͻ 0.5 A, the amplitude of the oscillations normally observed in R xx vs B is strongly reduced, while as the current increases, the amplitude of R xx recovers. This R xx suppression in the small current region and its recovery with increases in the current are well-known phenomena, which are attributed to the nonequilibrium decoupling of the outer edge state from the inner bulk state and its quenching for I Ͼ 0.5ϳ 1 A.
9,10 The data of S V vs B show that, as the current increases beyond I ϳ 0.5 A, S V rapidly develops in the transition region of 2 Ͻ Ͻ 4. Comparing the B dependence of S V with that of R xx suggests that the S V enhancement in the transition region is related to the unsteady transfer process of electrons when the nonequilibration edge state equilibrates, as the current increases, with the bulk state. Figure 3͑a͒ displays an imaging plot of S V for the same sample as that used in the measurements shown in Fig. 2 at I = 0.7 A and B = 4.41 T ͑ = 2.38͒; these results are obtained with the experimental setup described in Fig. 1͑a͒ .
Here, the value of B = 4.41 T corresponds to the maximum peak position of S V with the sweep of B at I = 0.7 A, shown in the lower panel of Fig. 2 . The S V map clearly reveals that the high noise level is concentrated in a higher-potential ͑lower Hall voltage͒ edge region of the Hall bar sample. The detailed profile of S V in the channel-width direction, shown in Fig. 3͑b͒ , confirms this feature. These data unambiguously verify the suggestion raised by the transport data of Fig. 2 : the high noise levels occur as a result of the equilibration process of the nonequilibration-edge-state electrons, as schematically shown in Fig. 4 . This consistency between the transport data ͑Fig. 2͒ and the mapping data ͑Fig. 3͒ also serves to ensure that the present experimental setup functions properly as a scanning sensor system for imaging noisevoltage distributions. We note that the spatial resolution obtained here is about 2 m, which is similar to the size of the sensing area of the sensor.
We would like to make two remarks on the present observation system. First, we note that spatial investigations of the nonequilibrum edge states have been so far performed through several imaging techniques such as spatially resolved far-infrared photoconductivity, 11 imaging of atomic force microscopy ͑AFM͒-tip induced scattering, 12 and cyclotron emission imaging. 13 The former two measurements, however, require an externally induced interaction with edge-state electrons, i.e., far-infrared irradiation 11 and bias voltage between the AFM tip and the sample. 12 Though the last can study the intrinsic properties of edge states without such external interaction, this measurement is restricted to I Ͼ 10 A, due to the sensitivity limit of the detector. 13 In contrast to these earlier approaches, our noise-imaging technique allows us to probe the nonequilibrum edge states without external interaction and in the small current region of I Ͻ 1 A.
Second, we turn to the spatial resolution of our system. Its spatial resolution, 2 m, is determined by the size of the sensing area. Therefore, the resolution can be improved by the use of a sensor with a reduced size 2DEG as the sensing area. We expect that a further enhancement would be achieved with the setup shown in Fig. 5 . Here, a metallic probe with a tip diameter of below 100 nm, integrated with the gate electrode of the QHE electrometer, faces the sample surface. In this system, since local noise voltage is detected through capacitive coupling between the probe tip and the sample, the resolution will be mainly determined by the tip diameter.
To recapitulate, our novel scanning noise-sensor system employing a QHE electrometer, used to measure noise levels on a QHE sample, revealed that noise, largely occurring for 2 Ͻ Ͻ 4 and I Ͼ 0.5 A, is concentrated in the higherpotential edge region of the sample. These findings, together with a comparison of the B dependence of S V with that of R xx , show that most of the noise is due to an unsteady equilibration between the nonequilibrium edge state and the bulk state. This result identifies the present noise-imaging system as a unique tool for probing the spatial properties of edgestate electrons. In future work, we envisage the interesting possibility that the locations of impurities or defects might be specified by imaging the resulting 1 / f noise.
14 Furthermore, at each position of a sample, the investigator might monitor a very slow resistance evolution via the hyperfine interaction between electron spins and nuclear spins, 5, 15 providing maps of the spatial distributions of electron-spin polarization.
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